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Summary
In eukaryotic cells, the nuclear envelope partitions the
nucleus from the cytoplasm. The fission yeast Schizosac-
charomyces pombe undergoes closed mitosis in which the
nuclear envelope persists rather than being broken down,
as in higher eukaryotic cells [1]. It is therefore assumed
that nucleocytoplasmic transport continues during the cell
cycle [2]. Here we show that nuclear transport is, in fact,
abolished specifically during anaphase of the second
meiotic nuclear division. During that time, both nucleo-
plasmic and cytoplasmic proteins disperse throughout the
cell, reminiscent of the open mitosis of higher eukaryotes,
but the architecture of the S. pombe nuclear envelope itself
persists. This functional alteration of the nucleocytoplasmic
barrier is likely induced by spore wall formation, because
ectopic induction of sporulation signaling leads to prema-
ture dispersion of nucleoplasmic proteins. A photobleach-
ing assay demonstrated that nuclear envelope permeability
increases abruptly at the onset of anaphase of the second
meiotic division. The permeability was not altered when
sporulation was inhibited by blocking the trafficking of fore-
spore-membrane vesicles from the endoplasmic reticulum
to the Golgi. The evidence indicates that yeast gametogen-
esis produces vesicle transport-mediated forespore
membranes by inducing nuclear envelope permeabilization.
Results and Discussion
To test whether nuclear transport activity varies during the
Schizosaccharomyces pombe cell cycle, we monitored the
dynamics of several reporter proteins. One of them, the GST-
NLS-GFP fusion protein (molecular mass 55 kDa) containing
the canonical nuclear localization signal (NLS), localized to
the nucleus throughout the mitotic cell cycle (Figure 1A) and
also during the first meiotic division, as monitored by fluores-
cence (MI; Figure 1A; see also Figure S1A available online for
a schematic of meiotic progression in fission yeast). However,
nuclear GST-NLS-GFP diminished for a short time during the
second meiotic division (MII; Figure 1A; Movie S1). This was
unlikely to be due to protein degradation, because total fluo-
rescence from the whole cell was fairly constant, even when
fluorescence from the nuclei showed a sudden drop*Correspondence: yamamoto@biochem.s.u-tokyo.ac.jp(Figure S1B, top). We next monitored the dynamics of a cyto-
plasmic reporter protein GST-NES-GFP (55 kDa), which
carried the nuclear export signal (NES). GST-NES-GFP local-
ized to the cytoplasm in mitosis and MI, as expected, but it
appeared in both the nucleus and the cytoplasm in MII
(Figure S1C). Thus, during a short period of MII, fission yeast
lost their nucleocytoplasmic barrier and dispersed the
proteins throughout the cell.
To pinpoint the stage at which protein dispersion occurred
in MII, we monitored the dynamics of all chromosomes simul-
taneously by visualizing the kinetochore proteinMis6. Live-cell
imaging revealed that a nuclear reporter ECFP-LacI-NLS
(71 kDa) dispersed right after the separation of sister chroma-
tids—in other words, at the onset of MII anaphase (Figures 1B
and 1C). Although this phenomenon was reminiscent of the
nuclear protein dispersion at prometaphase of the open
mitosis in higher eukaryotes in which the nuclear envelope
breaks down, Cut11, a component of the nuclear pore
complex, was stably localized to the nuclear envelope during
MII in fission yeast (Figure 1D). These results suggest that
the overall nuclear envelope structure remained unchanged,
although it is possible that the function of nuclear pore
complex was altered without affecting its molecular composi-
tion. Meanwhile, we confirmed that an intrinsic nuclear protein
Mcm6/Mis5, which composes a helicase required for the elon-
gation step of DNA replication [3], also dispersed from the
nucleus during MII anaphase (Figure 1E).
A wild-type zygote undergoes two consecutive nuclear divi-
sions (MI and MII) during meiosis and generates four spores in
an ascus. Because the dispersion of reporter proteins was
limited to MII anaphase, we hypothesized that the dispersion
might be related to one or more events specific to late meiosis
and/or following spore formation. We examined the mutant
tws1/cdc2-N22, which prematurely initiates sporulation
following MI without beginning MII and forms two-spore asci
as a result of reduced cyclin-dependent kinase (CDK) activity
[4, 5]. Interestingly, GST-NLS-GFP dispersed at MI anaphase
in the tws1 mutant (Figure 2A). In contrast, the mes1 deletion
mutant (mes1D), which loses CDK activity before MII and
does not form the spore wall [6, 7], did not disperse GST-
NLS-GFP during MI (Figure 2B). This implied that the observed
change in nuclear transport might be closely linked to sporula-
tion. It has been established that initiation of sporulation
requires activation of septation initiation network (SIN) protein
kinase signaling in fission yeast [8], which was originally
described as essential for septum formation during cytoki-
nesis and is a counterpart of the budding yeast mitotic exit
network. We overexpressed the SIN component Sid1 [9] to
induce SIN signaling ectopically at MI, earlier than the normal
timing (in MII). Consistent with the above results, 4mCherry-
LacI-NLS (151 kDa) dispersed precociously in MI in response
to Sid1 overexpression (Figure 2C). These results indicate
that sporulation-associated signaling alters nuclear transport.
To find a molecular link between altered nucleocytoplasmic
transport and sporulation, we examined existing sporulation-
deficient (spo) mutants for dispersal of the nuclear marker
and found that the spo4, spo6, and spo14 mutants failed to
do so. Spo4 and Spo6 are known to form a Cdc7-Dbf4
Figure 1. Alteration of Nucleocytoplasmic Trans-
port at Anaphase of Meiosis II
(A) Time-lapse kymograph images of wild-type
cells expressing GST-NLS-GFP during mitosis
(left), zygotic meiosis I (MI, middle), and meiosis
II (MII, right). Filming started at 0 min (denoted
by 0’).
(B and C) A nuclear reporter protein ECFP-LacI-
NLS dispersed at onset of MII anaphase. The
kinetochore marker Mis6-2GFP and the spindle
pole body marker Sfi1-mRFP are also shown.
The cell shape is outlined in white. The timing of
chromosome segregation at anaphase (arrow-
heads) is defined as 0 min. Dotted insets are
magnified in (C).
(D) The nuclear pore complex component Cut11-
3mRFP, together with GFP-Atb2 (a2-tubulin) and
Sfi1-CFP, was monitored during anaphase of
meiosis II. The Cut11-3mRFP signal persisted
during meiosis II.
(E) A nuclear protein Mcm6/Mis5 tagged with
GFP dispersed at MII. CFP-Atb2 was also moni-
tored. Top: likely prophase II; bottom: anaphase
II. Scale bars throughout represent 5 mm. See
also Figure S1 and Movie S1.
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1914(DDK)-like meiotic kinase complex [10], the function of which
remains elusive. We speculate that the Spo4-Spo6 complex
may promote the alteration of nuclear transport through SIN
activation because spo6D cells apparently failed to fully acti-
vate SIN (Figure S2).
The spo14 gene is the fission yeast ortholog of Saccharo-
myces cerevisiae SEC12, which encodes the activator of the
small GTP-binding protein Sar1, required for the production
of vesicles that mediate transport between the endoplasmic
reticulum (ER) and Golgi [11, 12]. During sporulation, produc-
tion of forespore membrane precedes formation of the spore
wall (reviewed in [13]), and Spo14 plays an essential role in
expansion of the forespore membrane [11]. The forespore
membrane develops specifically during MII [14, 15]. The
dispersion of a nuclear reporter 4mCherry-LacI-NLS occurred
along with the development of forespore membrane, suggest-
ing apossible linkbetween them (Figure 3A).Weconfirmed that4mCherry-LacI-NLS was not degraded
but was dispersed, like GST-NLS-GFP
(Figure S1B, bottom). Forespore
membrane formation is initiated by
generation of small ER-derived vesicles
that are then targeted to the precursor
of the forespore membrane assembled
on the outer surface of the spindle pole
body (SPB), which gradually encapsu-
lates the nuclei as MII proceeds [14]
(see Figure S3A for a scheme). The
meiotic SPB protein Spo15 modifies
the SPB to build a base for forespore
membrane assembly [16, 17]. Unlike
the spo14 mutant, GST-NLS-GFP was
dispersed normally in the spo15 mutant
(Figure S3B), suggesting that the
observed alteration in transport did not
depend on either SPB modification or
subsequent membrane fusion and
expansion, but rather was a conse-
quence of a certain event or events priorto or during membrane expansion, such as the generation of
ER-derived membrane vesicles (Figure S3A). The drug brefel-
din A blocks the production of ER-to-Golgi vesicles by
reversing the direction of vesicle transport (i.e., thereby initi-
ating Golgi-to-ER transport) [18, 19]. In the presence of brefel-
din A, the dispersion of 4mCherry-LacI-NLS to the cytoplasm
was significantly delayed (Figures 3B and 3D; Figures S3C
and S3D), mimicking the phenotype of the spo14-7 mutant
defective in the activator of ER-to-Golgi transport [11, 12, 14]
(Figures 3C and 3D). Thus, ER-to-Golgi vesicular transport
appears to play an important role in the altered function of
the nuclear envelope during MII.
Next we investigated how ER-to-Golgi trafficking could
affect nuclear transport. The nucleocytoplasmic transport of
biomolecules occurs through nuclear pores via diffusion or
active transport governed by the transport organizer Ran,
a GTPase [20–22]. The transport alteration therefore could be
Figure 2. Sporulation Alters Nucleocytoplasmic Transport
(A) In the tws1/cdc2-N22 zygotes, the GST-NLS-GFP signal precociously dispersed at meiosis I. Observation started at 0 min.
(B) The mes1 deletion mutant (mes1D) fails in both meiosis II initiation and spore wall formation. The GST-NLS-GFP signal persisted during meiosis I.
GFP-Atb2 and Sid4-GFP (spindle pole body marker) are also shown.
(C) Sid1 was overexpressed in cells expressing Mis6-2GFP and CFP-Atb2. The nuclear reporter 4mCherry-LacI-NLS prematurely dispersed at meiosis I.
Sid1 overexpression also caused frequent unequal segregation of Mis6-2GFP for unknown reasons. Scale bars throughout represent 5 mm. See also
Figure S2.
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1915caused by dysregulated Ran function. GTP-bound Ran is
generated in the nucleus by chromatin-bound RanGEF/Pim1,
the guanine-nucleotide exchange factor for Ran (Figure S3E).
Ran-GTP is converted to the GDP-bound form in the cyto-
plasm by cytoplasmic RanGAP/Rna1, the GTPase-activating
protein for Ran. The asymmetric distribution of Ran-GTP sepa-
rated by the nuclear envelope persists during mitosis and MI.
It is, however, possible that GTP-bound Ran becomes slightly
reduced in the nucleus during MII, resulting in dispersion
of nuclear proteins. We therefore monitored the dynamics of
Ran regulatory factors. RanGEF/Pim1 stayed in the nucleus
at MII anaphase, whereas the cytoplasmic RanGAP/Rna1
entered the nucleus, which could reduce the level of nuclear
Ran-GTP (Figure 3E; Figure S3F; similar results were obtained
by Asakawa et al. [23], this issue ofCurrent Biology). However,
nuclear entry of RanGAP/Rna1 was significantly blocked in
cells treated with brefeldin A (Figure 3F). Thus, the ER-to-Golgi
vesicle transport pathway is a prerequisite for the disruption of
directed nucleocytoplasmic transport of proteins, including
RanGAP/Rna1.
To further define the mechanism underlying the transport
alteration, we measured nuclear envelope permeability during
meiosis, monitoring the movement of reporter molecules after
laser photobleaching [24] (Figure 4A). We chose the GST-GFP
fusion protein as the reporter here for the following reasons.
First, it is not actively transported by any transport factor,
such as importin or exportin. Second, its molecular size
(54 kDa) is close to the limit to pass through the nuclear pore
complex by diffusion, suggesting that GST-GFP is likely to
move across the nuclear envelope slowly. Indeed, GST-GFP
was observed in both the nucleus and cytoplasm of premeiotic
cells. Photobleaching of the nucleus eliminated most of the
nuclear fluorescence (Figure 4B). We then monitored the shift
of the cytoplasmic fluorescence to the nucleus. Before entry
into MII, the GST-GFP signal remained in the cytoplasm for
up tow1min after photobleaching, whereas the nuclear signal
gradually recovered as a consequence of passive transport
(Figure 4B). This indicated that the experimental system could
measure nuclear envelope permeability, as we expected.We next applied the same assay to zygotes at MII anaphase.
Interestingly, the nuclear GST-GFP signal recovered immedi-
ately, within 0.5 s after photobleaching (Figure 4C), demon-
strating that the permeability of the nuclear envelope was
greatly increased during MII anaphase. Importantly, addition
of brefeldin A slowed the rate of nuclear GST-GFP recovery
(Figure 4D), although the effect of the drug was often incom-
plete. A complementary assay, namely cytoplasmic photo-
bleaching, also demonstrated the increase of nuclear
membrane permeability (Figure S4). It was noticed that the
smaller reporter, GST-NLS-GFP (55 kDa), dispersed from the
nucleus more rapidly than the larger reporter, 4mCherry-
LacI-NLS (151 kDa), during MII, when compared in a single
cell (Figure 4E). Altogether, we conclude that SIN and the
ER-to-Golgi vesicle transport pathway induce permeabiliza-
tion of the nuclear envelope upon forespore membrane
assembly.
In Xenopus eggs, the nuclear envelope is newly formed from
the ER [25]. In fission yeast, the ER also supplies necessary
components to expand the nuclear envelope at mitotic
anaphase [26]. However, ER-to-Golgi trafficking, dependent
on Spo14, is likely to have to supply a considerable amount
of membrane vesicles for the assembly of the forespore
membrane at MII anaphase. This may cause a transient
shortage of certain nuclear envelope components essential
for the integrity of the nuclear membrane, which may lead to
an increase in its permeability [26], impairing the nucleocyto-
plasmic barrier. Relocation of RanGAP/Rna1 may also
contribute to this impairment, as postulated by Asakawa
et al. [23]. Because ultrastructural analysis by Asakawa et al.
[23] did not detect any significant morphological changes in
the nuclear envelope, it may be that the nuclear pore complex
undergoes one or more modifications that broaden the
passageway. It is known that the fission yeast pim1 and
cut12 mutants show defects in nuclear envelope integrity
during mitosis [27, 28]. It is also known that the nuclear pore
complex undergoes partial disassembly physiologically during
mitosis inAspergillus nidulans [29]. Although it is yet tobe scru-
tinized whether these previous observations may or may not
Figure 3. Vesicle-Mediated Forespore Membrane Formation Alters Nucleocytoplasmic Transport
(A) Concurrent forespore membrane development (visualized by GFP-Psy1, the Psy1/syntaxin1 subunit of the vesicle fusion complex t-SNARE) and nuclear
reporter dispersion (4mCherry-LacI-NLS) in MII anaphase visualized together with CFP-Atb2. Onset of MII anaphase is defined as 0 min. WT denotes wild-
type.
(B–D) ER-to-Golgi vesicular transport is essential for nuclear protein dispersion.
(B) Brefeldin A delayed 4mCherry-LacI-NLS dispersion.
(C) Dispersion was particularly hampered in the spo14-7 homozygous zygote.
(D) Quantified distribution of timing of nuclear protein dispersion after onset of MII anaphase, based on live-cell observations (A–C; n = 14–32).
(E and F) RanGAP/Rna1-GFP dynamics together with 4mCherry-LacI-NLS and CFP-Atb2 were monitored in the absence (E) or presence (F) of brefeldin A.
Scale bars throughout represent 5 mm. See also Figure S3.
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1916relate to the physiological increase of nuclear membrane
permeability found in fissionyeastmeiosis, our analyses estab-
lish that two networks required for sporulation, namely SIN
signaling and ER-to-Golgi trafficking, play central roles in
altering directed nucleocytoplasmic transport during MII.
Experimental Procedures
Yeast Strains and Plasmids
Strains used in this study are listed in Table S1. The original plasmids con-
taining reporter genes GST-GFP, GST-NLS-GFP, or GST-NES-GFP regu-
lated under the nmt1 promoter [30] were provided by M. Yoshida, and
each promoter was replaced with the weakened one, nmt81. The NLS and
NES used in this study derive from SV40 T antigen and HIV-1 Rev, respec-
tively. Genes encoding other nuclear markers, ECFP-LacI-NLS and
4mCherry-LacI-NLS (four tandem copies of mCherry were fused with LacI
and NLS), were integrated into chromosomes and expressed under theconstitutive adh1 promoter (Padh1). Those were constructed as follows.
Padh1-ECFP-LacI-NLS and Padh1-4mCherry-LacI-NLS genes were first
cloned into pFA6a-based integration plasmids containing partial fragments
of the lys1 and arg1 genes, respectively. The resultant plasmids were then
linearized at the middle of lys1 or arg1 and then introduced into the wild-
type cells to induce homologous recombination at the endogenous lys1 or
arg1 locus. Correct integrants were chosen by drug resistance followed
by confirmation of lysine or arginine auxotrophy. Visualization of the fore-
spore membrane by GFP-Psy1 (a gift from T. Nakamura) was described
previously [14]. Visualization of microtubules by fluorescence-tagged a2-
tubulin (Atb2) was done with the nmt81 promoter-driven GFP-Atb2 strain
(constructed by K. Tada) for Figure 2B and Figure S3B, whereas the atb2
promoter-driven GFP-Atb2 and CFP-Atb2 strains [31] were used for the
rest of figures. Other fluorescence-tagged strainswere constructed by stan-
dard methods [31, 32] (integrated at the original loci on the chromosomes
and expressed under the native promoters). Gene disruptants and the
nmt1 promoter-driven sid1-overexpression strain were constructed by
standard methods [32]. The Cdc7-GFP strain was a gift from T. Toda.
Figure 4. Nuclear Envelope Permeability Increases in Anaphase of
Meiosis II
Photobleaching analysis was performed using GST-GFP as an indicator of
nuclear envelope permeabilization.
(A) Experimental design. Nuclei of meiotic zygotes expressing GST-GFP
were irradiatedwith a laser-to-bleach nuclear fluorescence. A slow recovery
of nuclear fluorescence would indicate retention of normal membrane per-
meability, whereas a fast recovery would reflect an increase in permeability.
(B) A zygote before MII anaphase was prepared that expressed GST-GFP,
ECFP-LacI-NLS, and Nup40-mCherry (nuclear pore complex marker). The
boxed area is magnified (t = –2 s; 2 s before bleaching). The nucleus was
then repeatedly exposed to the laser (t = 0 s).
(C) A zygote in MII anaphase was treated similarly. The nuclear GST-GFP
signal recovered immediately after bleaching in MII anaphase. The nuclear
signal fully recovered within 0.5 s.
(D) A zygote in MII anaphase with 4mCherry-LacI-NLS and CFP-Atb2 was
prepared, and the nucleus was photobleached in the presence of brefeldin
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1917Microscopy
Living cells were observed in Edinburgh minimal medium with or without
a nitrogen source for the mitotic cycle or meiosis, respectively. Images for
Figure 1A, Figures 2A and 2B, and Figure S3B were taken using a micro-
scope (TE2000, Nikon) equipped with a Nipkow confocal system CSU22
(Yokogawa) at 30C. Other images were taken using a microscope (IX71,
Olympus) with a 603 objective lens and a DeltaVision-SoftWoRx system
(Applied Precision) at 25C, except for Figures 3 A, 3C, and 3D (20C for
the spo14-7 cold-sensitivemutant). Z sectioningwas donewith 0.4 mm inter-
vals, and images were taken every 0.5 to 2 min. Images were then decon-
volved, and a Z stack projection was created with the maximum or sum
projection method. Brefeldin A (500 mg/ml) was added 2–5 hr prior to obser-
vation. Photobleaching experiments were performed with a 20 mW, 488 nm
solid-state laser. For nuclear photobleaching, an area of 0.5 mm radius was
exposed to one or two laser shots. Postbleaching images were taken as
a single plane. For cytoplasmic photobleaching, a laser shot was repeated
10–20 times until the cytoplasmic GST-GFP signal was considerably photo-
bleached. Postbleaching images were taken at 2 min intervals with multiple
Z sections, and Z stacked images are shown. The software SoftWoRx-QLM
was used to guide laser photobleaching.
Supplemental Information
Supplemental Information includes four figures, one table, and one movie
and can be found with this article online at doi:10.1016/j.cub.2010.09.004.
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